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ABSTRACT:  Oxygen  dep le t ion  is a seasonal ly  d o m i n a n t  fea ture  o f  the  lower water  c o l u m n  on  the  highly-stratified, 
r iver ine- inf luenced cont inen ta l  she l f  o f  Louisiana.  T h e  areal ex t en t  o f  hypoxia  (bo t tom waters  <-2 m g  1-~ d issolved 
oxygen)  in m i d - s u m m e r  may  e n c o m p a s s  up  to 9,500 km 2, f r om the  Mississippi  River del ta  to the  u p p e r  Texas  coast ,  with 
the  spat ial  conf igura t ion  o f  the  zone  varying interannually.  We p laced  two con t inuous ly  record ing  oxygen  m e t e r s  (Endeco  
1184) within l m o f  the  s eabed  in 20-m water  dep t h  at two locat ions  77 km apar t  where  we previously  d o c u m e n t e d  mid- 
s u m m e r  b o t t o m  water  hypoxla .  T h e  oxygen  m e t e r s  r eco rded  cons iderab ly  d i f f e r en t  oxygen  condi t ions  for  a 4-too de- 
p loymen t  f r om mid-June  th rough  mid-October .  At the  s ta t ion  o f f  T e r r e b o n n e  Bay (C6A), b o t t o m  waters  were severely 
dep le t ed  in d issolved oxygen  and  o f t en  anoxic  for  m o s t  o f  the  record  f rom mid-June  t h rough  mid-August ,  and  the re  
were no s t rong  d iurna l  o r  diel pa t te rns .  At the  s ta t ion 77 km to the  eas t  and  c loser  to the  Mississ ippi  River  del ta  (WD32E), 
hypoxia  occu r red  for  only 50% o f  the  record ,  and  there  was a s t rong  d iurna l  pa t t e rn  in the  oxygen  t ime-ser ies  data.  
T h e r e  was no  statistically s ignif icant  cohe rence  be tween  the  oxygen  t lme-serles at  the  two s ta t ions .  C o h e r e n c e  o f  the  
oxygen  records  with wind records  was weak. T h e  d o m i n a n t  cohe rence  ident i f ied was be tween  the  d iurna l  peaks  in the  
WD32E oxygen  record  and  the  b o t t o m  p res su re  record  f rom a gauge  located  at the  m o u t h  o f  T e r r e b o u n e  Bay, sugges t ing  
that  the  d issolved oxygen  signal  at  WD32E was d u e  principally to advect ion by tidal cu r ren t s .  Al though  the  oxygen  t ime- 
ser ies  were cons iderab ly  d i f ferent ,  they were cons is ten t  with the  physical  and  biological p roces se s  tha t  a f fec t  hypoxia  on  
the  Louis iana  shel f .  D i f fe rences  in the  t ime-ser ies  were mos t  int imately t ied to the  topograph ic  cross-shel f  g rad ien t s  in 
the  two locations,  that  is, s ta t ion  C6A o f f  T e r r e b o n n e  Bay was in the  midd le  o f  a broad,  gradual ly  s lop ing  she l f  and  
stat ion WD32E in the  Mississippi  River Delta Bight  was in an  area  with a s t e epe r  cross-shel f  dep th  g rad ien t  a n d  likely 
s i tua ted  nea r  the  edge  o f  a hypoxic  water  mas s  that  was tidally advec ted  across  the  s tudy  site. 
In t roduc t ion  
Oxygen-deple ted  bo t tom waters are seasonally 
d o m i n a n t  features o f  the Louisiana cont inenta l  
shelf  adjacent  to the deltas o f  the Mississippi and  
Atchafalaya rivers (Rabalais et al. 1991, 1992). I11 
mid-summer,  the areal ex ten t  of  bot tom-water  hyp- 
oxia (<--2 mg 1 -l dissolved oxygen (DO))  may cover  
up to 9,500 km ~, with spatial conf igura t ion  of  the 
i C o r r e s p o n d i n g  Author .  
zone  varying interannually.  More  f r equen t  sam- 
piing a long a transect  ola the southeas te rn  shelf  
and con t inuous  time-series data  of f  T e r r e b o n n e  
Bay d o c u m e n t  hypoxic  bo t tom waters as early as 
February  and as latc as October ,  with widespread,  
persistent,  and severe hypoxia-anoxia  f rom mid- 
May to mid-September .  
Th e  Mississippi River system, which empties  on to  
the n o r t h e r n  Gulf  of  Mexico cont inen ta l  shelf, 
ranks am o n g  the world's top ten rivers in terms o f  
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freshwater and  sed iment  inputs  to the coastal 
ocean (Milliman and Meade 1983), drains 41% of  
the con te rminous  Uni ted  States, and  contr ibutes  
over 90% of  the fresh water to the Gulf  o f  Mexico 
(Dinnel and  Wiseman 1986). High flow occurs in 
March-May. Al though river flow is r educed  in sum- 
mer, seasonal wind reversals retain m u c h  of the 
fresh water on the shelf. A productive,  stratified 
system is main ta ined  for the majority of  the year 
(Sklar and  T u r n e r  1981; JustK et al. 1993). The  
vertical distribution of  the hypoxic water  mass is 
def ined by water-column stratification, which is 
control led by riverine freshwater inflow, large-scale 
circulation, and  wind-driven mixing (Rabalais et al. 
1991, 1992; Wiseman et al. 1992). 
Freshwater discharge f rom the Mississippi and  
Atchafalaya rivers rapidly forms  the I ,ouisiana 
Coastal Current ,  a highly stratified coastal cur ren t  
that  flows, in the mean ,  westward a long the I,oui- 
siana coast  and  southward along the Texas coast. 
Dur ing late spring and  s u m m e h  however, when  
winds a long  the south Texas coast are upwelling- 
favorable, the flow reverses and  flows back toward 
the nor th  and  east (Cochrane  and Kelly 1986). In 
some years the reversal pene t ra tes  into Louisiana 
waters dur ing  mid-summer.  Stratification in the 
Louisiana Coastal Current ,  particularly near  the 
two major  freshwater sources, is primarily due to 
salinity. Dur ing winter, t empera tu re  is destabiliz- 
ing; f rom April until October ,  it is normal ly  stabi- 
lizing. Strong wind events interact  with the waters 
of  the coastal cu r ren t  t h roughou t  the year. In tense  
wind mixing due to cold air outbreaks  and  frontal  
passages is active f rom as early as late Sep tember  
to as late as June;  while local squalls and thunder-  
storms, as well as tropical s torms and  hm'r icanes,  
are impor t an t  dur ing  the s u m m e r  mon ths  (Di- 
Mego et al. 1976), These  wind ewmts of ten result 
in tile comple te  homogen iza t ion  of  tile water-col- 
u m n  (Wiseman et al. 1986). At o the r  times, they 
are not  s trong enough  to fully break down the lo- 
cal stratification, hut  they result in localized coastal 
upwelling, which alters the  stratification (Dagg 
1988). 
High  biological productivity in the immedia te  
and  ex tended  p lumes  of  the Mississippi River 
(Sklar and  T u r n e r  1981; I ,ohrenz  et al. 1990) is 
media ted  by high nut r ien t  inputs and  regenera -  
tion, and  favorable light fields. Subsequent  ca rbon  
flux (via direct  sinking, repackaging,  aggregate  filr- 
mat ion,  or  advection) is sufficient to deplete  the 
lower water co lumn of  oxygen within per iods  of  
days to weeks to months  (Turner  and Allen 1982; 
Dor tch  et al, 1994). Once  hypoxic water  masses 
have formed,  they persist until mixing results f rom 
winds a n d / o r  thermal  cooling, or the advection of  
oxygenated  water dur ing  upwelling- or  downweIl- 
ing-favorable conditions.  The  highest  net  produc-  
tivity in the adjacent  shelf  system lags 1 mo after  
peak  river flow; the most  deficient, bo t t om water 
oxygen lags 2 mo  beh ind  peak river flow (Justii: et  
al, 1993). 
De  have d o c u m e n t e d  in terannual  variability of  
oxygen deple t ion over a large geographic  region 
and  month ly  or  b imonth ly  variability on a l imited 
spatial scale (Rabalais et al. 1991, 1992). Continu-  
ous time-series data f rom m o r e  than a single lo- 
cation were not  available until the s imuhaneous  
dep loyment  of  two oxygen meters  in 1990 (Raba- 
lais et al. 1993). The  second me te r  was deployed 
in the Mississippi River Delta Bight 77 kin closer 
to the outflow of  the Mississippi River but in the 
same water dep th  as the oxygen me te r  on a per- 
m a n e n t  in s t rumen t  moor ing  off  T e r r e b o n n e  Bay 
(Fig. 1). Thus,  measu remen t s  were ob ta ined  f rom 
two oxygen meters  at 20-m water dep th  in areas of  
consistent  mid - summer  hypoxia,  and  we were able 
to assess whe ther  the bot tom-water  oxygen envi- 
r o n m e n t  was similar in the two areas and  to ex- 




The  study area encompassed  the Mississippi Riv- 
er Delta Bight downplume  o f  Southwest Pass of  the 
Mississippi River and  the area offshore of  Terre-  
b o n n e  Bay (Fig. 1). The  oxygen meters  were lo- 
cated at WD32E (29~ 89~ an active 
oi l -production p la t form)  and  C6A (28~ 
90~ an inactive p la t form) .  Platform-relat- 
ed effects were evident  in sed imenta ry  character-  
istics (physical  a n d  c h e m i c a l )  a n d  b e n t h i c  
communi ty  s tructure but  not  on water-column 
structure,  including oxygen concent ra t ions  (Ra- 
balais et al. 1993). 
INSTRIJMENTATION AND IIYDROGRAPHY 
Time-series measu remen t s  were made  using En- 
deco 1184 pulsed dissolved oxygen sensors sam- 
pling at 15-rain intervals. Both ins t ruments  were 
deployed within 1 m of  the seabed in a 20-m water 
column.  Ins t ruments  were deployed t -ore  mid- 
J tme  th rough  mid-October  with a p robe  replace- 
men t  midway th rough  each deployment .  Prede- 
p loyment  and  pos tdep loyment  calibration of  the 
pulsed DO sensors (accuracy of  0.2 mg 1 -~) were 
p e r f o r m e d  by technicians of  Endeco,  Inc. accord- 
ing to specifications of  the ins t rument  (Endeco,  
Inc. 1988). An antifouling wax was appl ied to the 
center  of  the 130 sensor m e m b r a n e ,  and  bo th  in- 
s t ruments  were resistant to the effects of  bio-ioul- 
ing. With the except ion  of  one  dep loymen t  per iod  
at C6A ( 6 / 1 5 / 9 0 - 7 / 2 0 / 9 0 ) ,  there  were no indi- 
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GULF OF MEXICO 
Fig. 1. Map of  study area with location of  hydrographic  snrvey stations a long transect~s J '  t h rough  D', oxygen mete r  locations 
(closed squares) ,  pressure  gauge  location in Cat Island Pass at the m o u t h  o f  T e r r e b o n n e  Bay (open  triangle),  and  C-MAN wind gauge  
location at ( ; rand  Isle (closed triangle).  Stippled area represenLs spatial ex ten t  o f  near-bot tom water hypoxia (DO -< 2 m g  1 a) dur ing  
mid-luly to late-July 1990. Isobaths in 10 m to 100 m; oxygen isoplelhs in 1 mg  1-1 to 6 m g  1 1. 
cations f rom the condi t ion of  any DO probes  that  
hydrogen-sult ide poisoning had occurred.  Postcal- 
ibrat ion of  the discolored p robe  (C6A), per iodic  
co r robora t ion  of  DO data with a Hydro lab  Survey- 
or II (accuracy of  0.2 mg  1 l), and  collection of  
similar data  following p robe  exchange ,  indicated 
that  the values for  the tirst par t  o f  the dep loyment  
at C6A were accurate  and  usable. 
Bottle samples  for de te rmina t ion  of  DO by 
Winkler  t i tration (Parsons et al. 1984) were taken 
p e r i o d i c a l l y  d u r i n g  d e p l o y m e n t  o f  the  ins t ru-  
ments.  Supplementa l  DO data were ob ta ined  dur- 
ing f requent  hydrographic  surveys of  the study ar- 
eas using a I Iydrolab Surveyor II or  a SeaBird 
C T D / D O  (accu racy  o f  0.1 ml 1 - l )  sys lem.  
N u m e r o u s  discrete samples  and hydrographic  pro- 
files indicated that  oxygen meters  were, for the 
most  part ,  representat ive of  the near -bot tom DO 
condi t ions at the poin t  of  in s t rumen t  p l acemen t  
and  within a 1,000-m radius of  the ins t rument .  
Pos tdep loyment  correct ions  to the Endeco  1184 
DO concent ra t ions  were made  if Winkler  titrations 
and Hydro lab  measu remen t s  showed a consistent  
offset for any dep loymen t  per iod,  as was the case 
for  a por t ion  of  the WD32E record.  
The  DO concent ra t ion  below which waters were 
cons idered  "hypoxic"  was des ignated as 2 mg  1 ~, 
based on die absence of  demersa l  finfish and  crus- 
taceans in trawl catches when dissolved oxygen falls 
below that  level (Pavela et al. 1983; Leming  and 
Stuntz 1984; Renaud  1986; N. N. Rabalais personal  
observat ion) .  
B O T I ' O M  PRESSURE AND WINDS 
Time-series analyses were conduc ted  to compa re  
dissolved oxygen with bo t tom pressure records col- 
lected f rom within the Cat Island Pass en t rance  to 
T e r r e b o n n e  Bay (Fig. 1). Tide gauge data for  
Grand  Isle were not  available, but  pr ior  studies 
(Murray 1976) suggest that  the tide does not  vary 
significantly between Grand  Isle and the entrances  
to T e r r e b o n n e  Bay. A SeaBird SBE 26 pressure 
gauge,  set to sample  at 15-rain intervals, was de- 
ployed and  serviced at regular  intervals. T h e  ac- 
curacy and  resolut ion of  the in s t rumen t  are 46.5 
Pa and  1.24 Pa, respectively. No effor t  was made  to 
cor rec t  pressure gauge data for a tmospher ic  pres- 
sure to recover  sea-level records.  O u r  p r imary  con- 
cern was with the tidal per iods  where the bo t tom 
pressure signal is significantly grea ter  than the at- 
mospher ic  pressure signal. Also, bo t tom pressure,  
which includes a tmospher ic  pressure and  baroclin- 
ic signals, is a more  fundamen ta l  m e a s u r e m e n t  re- 
lating to bo t tom water  m o v e m e n t  than is water lev- 
el. Wind data were ob ta ined  f rom the C-MAN 
station at Grand  Isle (Fig. 1). The  winds were ro- 
tated 45 ~ to be more  nearly longshore  near  the 
ins t rument  dep loymen t  at C6A. 
DATA ANALYSES 
Hour ly  data were en te red  into spreadsheets  for  
calculations of  f requency of  records  and  durat ion 
of  events at various DO levels, and  de te rmina t ion  
of  daily DO minima,  maxima,  ranges, and averag- 
es. The  4-too record  for  DO time-series were divid- 
ed into equal  month ly  intervals for  each station lot  
calculation of  month ly  values. Spectra for  the en- 
tire 4-too DO time-series were es t imated to deter- 
mine  the energy conta in ing scales of  various ob- 
servables. T h e  p e r i o d o g r a m  was calculated tYom 
the discrete Fourier  t ransform (Cooley and  Tukey 
1965). The  power  spec t rum was then est imated by 
smooth ing  the pe r iodogram with an l l - p o i n t  tri- 
angular  r u n n i n g  filter giving four  equivalent  de- 
grees of  f r e edom for the spec t rum estimates. (A 
curve was then  smoo thed  th rough  these estimates 
to provide spectra  as in Fig. 5 used later in this 
pape r . )  C o h e r e n c e  s q u a r e d  e s t ima te s  b e t w e e n  
time-series were es t imated f rom the discrete Fou- 
rier t ransforms.  These  were es t imated by averaging 
across five adjacent  bands  giving ten degrees  of  
f r eedom to each estimate.  
Results and Discussion 
OXYGEN TIME-SERIES 
Cont inuous  time-series data for near-bot tom dis- 
solved oxygen concent ra t ions  at the two locations 
are shown in Fig. 2. The  near -bot tom dissolved ox- 
ygen env i ronments  were usually very different  be- 
tween the two stations. 
Ex tended  per iods  of  hypoxic and  anoxic near- 
bo t tom waters were recorded  at station C6A of f  
T e r r e b o n n e  Bay (Fig. 1), particularly in the first 2 
m o  of  the record,  that  is, mid-June th rough  mid- 
August  (Fig. 2). DO concent ra t ions  fell below 2 m g  
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1-1 for 80% of  the total record  and  below 1 mg 1-1 
tbr  71% of  the total record,  and were anoxic for  
60% of  the total record  (derived f rom Table 1). 
The  DO was almost  always anoxic (or somet imes  
hypoxic) until August  19. The  f requency o f  nor- 
moxic water  (DO > 2 m g  1 -l)  increased dramati-  
cally in the third and  tbur th  mon ths  of  the record  
(Table 1) with two ex tended  per iods  of  reoxygen- 
ation in mid-August to early Sep t ember  and  again 
f rom early to mid-October.  Alter Oc tobe r  2, the 
DO was above 2 mg  1-1 tor  the r ema inde r  of  the 
record.  
The  oxygen time-series in the Mississippi River 
Delta Bight at station WD32E was m u c h  dif ferent  
with per iodic  f luctuations above and  below 2 mg  
1-1 DO (Fig. 2). Hypoxia  occur red  overall for  50% 
of  the total record,  and more  frequent ly  in the first 
and  third mon ths  (derived f rom Table 1). The  du- 
rat ion of  hypoxic events was longer  in tile first 
m o n t h  of  the record  than in the subsequent  three 
months .  
Hypoxic events, at all levels cons idered  (DO = 
0 mg 1 -~, 0 mg 1 1 < DO -< 1 mg  1 -~, 0 mg  1 1 < 
DO --< 2 mg 1 1) were longer  in dura t ion  at station 
C6A than at WD32E (Table 1). For the first 2 mo  
of  the record,  the daily DO min ima  and DO max- 
ima were significantly lower at station C6A than at 
WD32E (Table 1). The  daily DO m i n i m a  and max- 
ima were lower at C6A than WD32E in the second 
2 mo  of  the record but  not  always significantly. The  
daily range  in DO values was significantly grea te r  
at station WD32E than at C6A for  the first 3 m o  o f  
the record.  The  daily DO average was lower at sta- 
tion C6A than at WD32E tbr  the first 2 m o  of  the 
record.  
I IYDROGRAPHY 
In addit ion to the obvious differences in the DO 
time-series for the two stations, the water-column 
structure at mid-month  intervals th rough  the pe- 
r iod of  ins t rument  deployments  also differed. Dis- 
solved oxygen min ima  were observed  in the lower 
water co lumn below a strong the rmoc l ine  or halo- 
cline for  all mid -mon th  surveys (four shown in Fig. 
3). All station data f rom the WD32E site dur ing  
the course of  the summer,  five profiles, indicated 
a mid-depth  oxygen m i n i m u m  (three shown in Fig. 
3). Some profiles exhibi ted more  than one  such 
m i n i m u m  and others  showed a near -bot tom oxy- 
gen min imum.  From mid-June th rough  mid-Sep- 
tember,  u p p e r  water-column tempera tu res  were 
cooler  at station WD32E than at C6A; WD32E is 
considerably closer to the eff luent  of  the Mississip- 
pi River than C6A (Fig. 1). For the same t ime pe- 
riod, u p p e r  water-column salinities were also lower 
at station WD32E than at C6A. Profiles for  mid- 
Oc tobe r  to t  both  stations showed a relaxat ion in 
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trig. 2. Time-series plots of near-bottom dissolved oxygen concentration (rag 1 l in l-h intervals) at stations C6A and WD32E 
(closed triangles indicate beginning of month indicated). 
the strength of  the thermocl ine  as a result of  sea- 
sonal cooling (Fig. 3). 
We created oxygen w;rsus salinity, t empera ture  
versus salinity, and dep th  versus salinity plots tor  
all mid-month  protiles at station WD32E (Fig. 4). 
Where  well-developed mid-depth oxygen minima 
occur  (e.g., Fig. 4, .June 15, 1990), they are asso- 
ciated with strong haloclines in the dep th  versus 
salinity plots and t empera tu re  versus salinity plots 
which cross the lines o f  constant  density at large 
angles. Water disperses preferentially along isen- 
tropic surfaces ra ther  than across them (Montgom- 
ery 1938). This suggested that the mid-depth min- 
ima were advecting or dilfi]sing offshore along 
pycnoclines f rom near-bot tom source regions clos- 
er  to shore. The  pycnoclines were not  associated 
with the same density surface th roughou t  the sum- 
met. In particular, waters in J u n e  were colder  and 
denser  at a given salinity than they were in July, 
Augnst, or  September.  This is consistent with pre- 
vious observations of  the seasonal variation of  wa- 
ter mass proper t ies  in the region (Wiseman et al. 
1982). It is also consistent with the distribution o f  
hypoxic bot tom waters found  inshore of  WD32E in 
.July 1990 (Fig. 1) and dur ing  o ther  mid-summer 
synoptic surveys (see below). 
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TABI,E 1. Comparison of time-series of" dissolved oxygen (DO) measurements (rag 1 ~) from two locations, station C6A and station 
WD32E. in the zone of hypoxia on the l,ouisiana shelf. 
Station: CfA C6A C6A C6A WD32E WD32E WD32E WD32E 
Peri~M: ]une 15, ]ulv 15, A.ugtlst 15, September 16, June 15, .July 1`6. 1 August 15, September 16, 
|990-July 19 t JOLAugus t  1990--September 1990~October 1990-]uly l~EI0-August 14, 99f)--September 1990-October 
14, 1~396 14, L990 15, 1990 15, 1990 14, 1w 1990 15, 1990 16, 1990 
Frequency of Events 
DO = 0 71% 99% 30% 42% 1% 0% 0% 0% 
0 < DO -< 1 22% 1% 14% 8% 33% 6% 13% 13% 
1 < DO < 2 6% 0% 25% 5% 33% 24% 55% 21% 
2 < DO 1% 0% 32% 45% 33% 7(1% 32% 65% 
Duralion of Events: ~ h +- SE (n) 
DO - 0 29.8 -+ 12.5 245.0 _+ 180.9 57.5 -+ 20.5 62.0 + 27.0 3.0 N/A N/A N/A 
(17) (4) (4) (5) (l) (01 (0) (01 
0 < DO <-- 1 222.7 -+ 214.2 744 42.0 _+ 19.0 184.5 +_ 169.5 14.2 + 5.7 4.5 • 1.5 26.7 _+ 12.5 14.7 -+.. 5.8 
(3) (1) (8) (2) (17) (10) (20) (7) 






129.2 4- 67.5 134.7 _+ 113.4 43.0 4- 21.4 14.8 + 5.1 8.1 _+ 3.3 16.5 _+ 7.7 
(4) (3) (11) (15) (101 (171 
Daily DO Concentration: x mg 1 ~ + SE (n = 30 or 31) 
0.1 _+ 0.0 0,0 _+ 0.0 1.1 _+ 0.2 1.7 _+ 0.4 1.1 _+ 0.2* 1.8 + 0.2* 1.3 +_ 0.1 2.0 +- 0.2 
0.5 +_ 0.2 0.2 -_' 0.0 1.7 _+ (1.2 2.7 _+ 0.5 2.3 _+ 0.2* 3.4 + 0.2* 2.2 _+ 0.1" 3.3 -+ (1.2 
0.4 .+: 0.2 0.2 +_ 0.0 0.5 _+ 0.1 1.0 • 0.2 1.2 • 0.1" 1.5 +_ 0.2* 0.9 .+_ 0.1" 1.4 _+ 0.1 
0.2 _+ 0.1 0.0 + 0.(1 1.4 + 0.2 2.2 _4 0.4 1.8 -+- 0.2* 2.7 _+ 0.2* 1.7 _+ 0.1 2.6 -+ 0.2 
* Significantly different from paired monthly mean at station G6A, p < 0.05, paired t-lest. 
S P E C T R A l ,  A N D  C O H E R E N C E  A N A L Y S E S  
Spectra  of" the  c o n t i n u o u s  4-too dissolved oxygen 
records  f rom stat ions C6A a n d  WD32E are shown 
in Fig. 5. Whi le  n o  obviously s igni f icant  peaks  were 
p r e s e n t  in  the s p e c t r u m  for  C6A, a s igni f icant  peak  
a p p e a r e d  in  the r eco rd  f rom WD32E in  a b a n d  
n e a r  the  d i u r n a l  f requency.  Whi le  suggested  in  Fig. 
5, the p e r i o d o g r a m  (no t  shown) d e a r l y  showed 
that  the s t ronges t  peaks were in  the b a n d s  con ta in -  
ing  the  K 1 (pe r iod  = 23.9 h) a n d  the O1 (pe r iod  
= 25.8 h) tides. Given the  l eng th  o f  the available 
record ,  it was n o t  possible  to separa te  the KI signal  
f rom the 24-h p e r i o d  d u e  to solar inso la t ion .  Thus ,  
the signal in  this b a n d  cou ld  be due  to advect ion  
by the K1 tidal c u r r e n t s  or  to p h y t o p l a n k t o n  activity 
in r e sponse  to the  day-n ight  cycle of  inso la t ion .  
T h e  fact tha t  the O~ dissolved oxygen  signal  at 
WD32E was slightly h i g h e r  t han  the K 1 signal,  as 
obse rved  in  the b o t t o m  pressure  r eco rd  f rom Cat 
I s l and  Pass (see Fig. 5), suggested  that  the dis- 
solved oxygen  signal was d u e  pr inc ipa l ly  to advec- 
t ion by tidal cu r ren t s .  T h e  lowest f r equenc ies ,  tha t  
is, processes with pe r iods  l o n g e r  than  4 d, were the 
mos t  ene rge t i c  at b o t h  stations.  These  processes 
t e n d  to be associated with wea ther -d r iven  events  
such as wind-dr iven  mix ing ,  upwel l ing ,  a n d  down-  
well ing.  
T h e  dissolved oxygen records  were n o t  c o h e r e n t  
with each o the r  at  the 95% s igni f icance  level. T h e y  
were also n o t  c o h e r e n t  with coastal b o t t o m  pres- 
sure  or  surface wind.  At the 80% s igni f icance  level, 
however, t he re  were isolated b a n d s  of  c o h e r e n c e .  
In  par t icular ,  the dissolved oxygen  r eco rd  f rom sta- 
t ion  WD32E was c o h e r e n t  with the coastal b o t t o m  
pressure  in the  d i u r n a l  b a n d .  T h e r e  were also oth-  
er  isolated b a n d s  of  c o h e r e n c e ,  i n c l u d i n g  a n a r r o w  
b a n d  n e a r  s e m i d i u r n a l  f r equenc ies .  G o h e r e n c e  of  
the  DO reco rd  with the winds was n o t  par t icular ly  
s t rong,  a l t h o u g h  n a r r o w  isolated b a n d s  o f  coher-  
ence  existed in b o t h  records .  Both  oxygen  records  
a p p e a r e d  c o h e r e n t  with winds in the 3-d a n d  the 
15-d bands .  
Past efforts to seek statistically s igni f icant  coher-  
ence  be tween  bo t l on t  c u r r e n t  r ecords  a n d  b o t t o m  
dissolved oxygen at C6A have p roven  futile. Sea- 
sona l  a n d  shor t e r  scale var ia t ions  in  c u r r e n t  struc- 
ture  a p p e a r  to be  s t rongly i n f l u e n c e d  by a variety 
of  processes. T h e  d i u r n a l  tidal s ignals are of ten  
c o n f o u n d e d  wilh ine r t i a l  osci l la t ions  (Dadd io  et  al. 
1978) a n d  i n t e r n a l  tides (Science  App l i ca t ions  In- 
t e r n a t i o n a l  C o r p o r a t i o n  1989). T h e  f b r m e r  are 
mos t  i m p o r t a n t  d u r i n g  the ene rge t i c  win te r  season 
a n d  the la t ter  d u r i n g  the stratif ied s u m m e r  season.  
F u r t h e r m o r e ,  the  a h m g s h o r e  c o h e r e n c e  of  cross- 
shelf  c u r r e n t s  a long  the I ,ou i s i ana  shelf  appea r s  to 
have ex t remely  shor t  spatial  scales (E J. Kelly per- 
sonal  c o m m u n i c a t i o n ) .  We have analyzed two rec- 
ords  of  n e a r - b o t t o m  c u r r e n t s  in  a d i u r n a l  b a n d  
(23-h to 26-h per iods) ,  which  i n c l u d e d  the K1, O1, 
a n d  iner t ia l  per iods ,  a n d  a s e m i d i u r n a l  b a n d  (12-h 
to 13-h per iods) .  T h e  f i l tered records  showed the 
expec ted  s t rong  t empora l  variabil i ty in enve lope  
a m p l i t u d e .  Descript ive statistics are p r e s e n t e d  in 
Table  2. Over  12 h of  o n s h o r e  flow, an  rms speed  
of  1 cm s l would  displace a water  parce l  approx-  
imate ly  0.4 km. W h e n  a d d e d  to the d i s p l a c e m e n t  
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Fig. 3. Water-column vertical profiles of salinity (%c), t empera ture  (~ and dissolved oxygen (nag 1 1) for stations C6A and 
WD32E for dates indicated.  
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N. N. Rabalais et al. 
C 6 A  Oxygen 
-'l 6 
WD32E Oxygen  
K1 
-2 -I 
B o t t o m  Pressure 
O~ KI 
-i 6 
LOG FREQUENCY (CPH) 
TABLE 2. Descriptive statistics for tidal band, near-bottom cur- 
rents at station C6A. 
Duraf icm S p e e d  M a x i m u m  M i n i m u m  
'~:aJ (d) I~m~d* C o m p o n e n t  (cm s - t )  (cm s ') (cm s ') f~' 
1989 272 D East 1.52 5 . 9 1  -5.91 
1989 272 D North 1.47 5.04 -5.02 
1989 272 D 
1989 272 S East 1.26 4.71 -4.72 
1989 272 S North 0.99 4.57 --4.57 
1989 272 S 
1990 211 D East 1.00 3.56 -3.56 
1990 211 D North 1.10 3.71 -3.71 
1990 211 D 
1990 211 S East 1.25 3.45 --3.45 
1990 211 S Nortil 0.71 2.40 -2.39 
1990 211 S 
7,5 ~ 
~ o -33.5 
50.2 ~ 
-21.0 ~ 
D indicates the diurnal band and S indicates the semidiur- 
hal. 
" O is the orientation of the principal axis of the variance el- 
lipse, measured positive counterclockwise from east. 
a s s o c i a t e d  w i t h  a s e m i d i u r n a l  f l ow o f  t c m  s '~ 
s p e e d  o v e r  6 h ,  an  a d d i t i o n a l  0,2 k m  d i s p l a c e m e n t  
is to b e  a n t i c i p a t e d .  M a x i m u m  d i s p l a c e m e n t s  o f  
r t m g h l y  3 k m  m i g h t  b e  e x p e c t e d  d u e  to  d i u r n a l  
a n d  s e m i d i u r n a l  c u r r e n t s  ( i n c l u d i n g  i n e r t i a l  cur -  
r en t s )  d u r i n g  e x t r e m e  even t s .  
T h e  d i s t r i b u t i o n  o f  n e a r - b o t t o m  o x y g e n  g rad i -  
e n t s  a n d  e x t e n t  o f  m i d - s u m m e r  h y p o x i a  o n  t h e  
s o u t h e a s t e r n  L o u i s i a n a  s h e l f  a r e  d e t a i l e d  in  Fig. 1. 
T h e  e x t e n t  o f  h y p o x i a  n e a r  W D 3 2 E  in  1990 was 
c o n s t r i c t e d  to  a n a r r o w  d e p t h  r a n g e  b e t w e e n  t h e  
b i r d f o o t  d e l t a  a n d  G r a n d  Isle.  T h e  i n t e r f a c e  o f  
n o r m o x i c - h y p o x i c  w a t e r s  is o f t e n  n e a r  s t a t i o n s  A3 
a n d  A4,  as it  was in 1990,  w i th  s i m i l a r  d i s t r i b u t i o n s  
fo r  1987,  1989,  a n d  1991 ( R a b a l a i s  e t  al. 1992, u n -  
p u b l i s h e d  d a t a ) .  B a s e d  o n  t h e  m i d - s u m m e r  syn- 
o p t i c  surveys ,  i t  a p p e a r s  t h a t  t h e r e  is m o r e  vari-  
ab i l i ty  in t h e  c o n f i g u r a t i o n  o f  t h e  h y p o x i c  a r e a  
w i t h i n  t h e  Miss i s s ipp i  R i v c r  D e l t a  B i g h t  t h a n  in t h e  
a r e a  o f f  q i ~ ' r r e b o n n e  Bay. S t r o n g e r  b a t h y m e t r i c  gra-  
d i e n t s  n e a r e r  t h e  d e l t a  (Fig.  1) i m p l y  t h a t  s h o r t  
c r o s s - g r a d i e n t  e x c u r s i o n s  m a y  m o v e  o x y g e n a m d  
w a t e r  a c r o s s  t h e  m e a s u r e m e n t  a rea .  C o m p a r i s o n  o f  
o x y g e n  g r a d i e n t s  a n d  b a t h y m e t r i c  c o n t o u r s  n e a r  
W D 3 2 E  ( t r a n s e c t  A f o r  m i d - s u m m e r  1990)  i n d i c a t -  
e d  t h a t  a 1 m g  1-1 d i f f e r e n c e  in  o x y g e n  c o n c e n t r a -  
t i o n  c o u l d  o c c u r  w i t h i n  0.9 k m  to  2 k m  o f  t h e  ox-  
y g e n  m e t e r .  T h i s  is w i t h i n  t h e  c a l c u l a t e d  d i s t a n c e  
Fig. 5. Smoothed periodograms of dis,solved oxygen time- 
series at C6A (upper panel), dissolved oxygen time-series at 
WI)32E (middle panel), and bottom pressure at mouth of 
Terrebonne Bay (lower panel). The smoothing was done with 
a symmetric, I 1-point triangular filter and the resttlts multiplied 
by a constant factor so tEaL the units of the resultant plots rep- 
resent estimates of energy spectra. O~ amt Kj peaks as indicated. 
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Fig. 6. Comparison of daily near-bottom DO average [br sta- 
tion C6A (open circle) and a 2-d lagged average for station 
WD32E (closed triangle) for the period Julian days 231-252. 
of  spatial d i sp lacement  based on near -bot tom cur- 
rents  (see above).  Mean monthly-averaged daily 
ranges of  DO at WD32E were 0.9 _+ 0.1 mg 1 ~ to 
1.5 + 0.2 m g l  1 ('Fable 1). Similar calculations for  
station C6A, which occurs on a broader,  more  gent- 
ly sloping shelf, indicate that  a parcel  of  water  must  
be displaced 15 km to 18 km to realize a 1 mg 1 -~ 
difference in oxygen concentra t ion .  
I.ack of  s trong winds (until late Sep t ember  to 
early October )  capable  of  b reak ing  down the lo- 
cally s t rong stratification gradients  suggests that 
the reoxygenat ion at e i ther  station (C6A in mid- 
August  to early September ,  and WD32E for  most  
of  the record)  resulted f rom lateral advection rath- 
er than vertical mixing. Chuang  and Wiseman 
(1983) analyzed data collected by Gordon  (1982) 
at the Exxon Offshore  Test Site near  station C6A. 
They conc luded  that  the near -bot tom currents  dur- 
ing summer,  those that  would advect hypoxia, were 
not  strongly driven by local winds. This is again 
consistent  with the weak coherence  between wind 
and dissolved oxygen. 
CORRELATION BETWEEN SIIORTER RECORDS 
The  spectral and  coherence  analyses described 
above utilized the ent i re  4-rot  per iod of  record.  
Because so m u c h  of  the record  at station C6A wa~s 
anoxic, a smaller  subset of  both  records was re- 
examined  for correlat i tm. The re  was only one  ex- 
t ended  per iod  in each of  the two 4-rot  D O  time- 
series when the oxygen concent ra t ion  was high 
enough  to analyze for  corre la t ion in changes  be- 
tween the oxygen concent ra t ion  at one  station and  
the other. This per iod  was dur ing  late August and  
early September ,  f rom Jul ian day 231 to 252; the 
DO was above zero at bo th  stations (Fig. 2). The  
daily ave r age  oxygen  c o n c e n t r a t i o n  at s ta t ion  
WD32E and  the average oxygen concentra t ion  at 
C6A 2 d later are shown in Fig. 6. The re  was a 
significant corre la t ion (adjusted r 2 = 0.47, p = 
0.0003) between DO changes  between stations. 
Oxygen Time Series in Zone of Hypoxia 859 
When dae oxygen concent ra t ion  is rising or falling 
at station WD32E, the oxygen concent ra t ion  fol- 
lows a similar pa t te rn  2 d later at station C6A. 
There  are at least two explanat ions  for  the ob- 
served coherence  in oxygen concen t ra t ion  be- 
tween the two stations in this per iod.  First, the dis- 
lance between stations is 77 kin, so the transit t ime 
of  2 d between the two stations could be covered 
by a surface cu r ren t  velocity of  45 cm s ~, if surface 
water parcels travelled in an assumed downfield 
and  longshore  flow. Chuang  and Wiseman (1983) 
measured  westward moving surface currents  of  this 
velocity in the region dur ing summer.  One  expla- 
nat ion of  the lagged corre la t ion between the two 
stations is to assume that, all o ther  factors being 
equal, similar organic  loading to the bo t tom layer 
f rom similar parcels of  water, but  2 d and  77 km 
apart ,  are likely to reach similar equi l ibr ium points 
for oxygen concentra t ion.  A second explanat ion is 
that  hypoxic waters are f o r m e d  in the region of  
W1)32E and t ranspor ted  to C6A. Near-bot tom cur- 
rents measured  at C6A, however, indicate speeds 
p redominan t ly  <10  cm s -t, and  a longer  theoreti-  
cal transit t ime (8 d) than the lag observed in ox- 
ygen concentrat ions.  Also, mean  b o t t o m  currents  
at C6A for  1990 were not  statistically indistinguish- 
able f rom zero (Wiseman et al. 1992). 
Conclusions  
Continuously record ing  oxygen meters  were 
p l a c e d  within 1 m of  the seabed in 20-m water  
dep th  at two locations on the Louisiana cont inen-  
tal shelf'. They recorded  considerably different  ox- 
ygen condit ions for  a 4-too per iod f rom mid-June 
th rough  mid-October .  At station C6A off  Terre-  
bonne  Bay, bo t tom waters were severely deple ted  
in dissolved oxygen and  often anoxic for mos t  o f  
the record  fi 'om mid: lune  th rough  mid-August. Se- 
vere hypoxia also persisted for m u c h  of  the m o n t h  
of  September .  The re  were no strong diurnal  or  
diel pa t terns  in the oxygen time-series at C6A. In 
contrast,  at station WD32E, which is 77 km east ot" 
C6A and closer to the birdsfoot  delta of  the Mis- 
sissippi River, DO <- 2 mg 1 -t occur red  for  only 
50% of  the total record,  hypoxic events were short- 
er  in dura t ion  than  at C6A, and  there  was a s t rong 
diurnal  pa t te rn  in the oxygen time-series. The  rec- 
ord of  dissolved oxygen was most  cohe ren t  with the 
diurnal  bot tom-water  pressure signal, which sug- 
gested the impor t ance  of  tidal advection in the 
variability of  the oxygen record.  
Al though the oxygen time-series were consider- 
ably different  f rom each other, they were consis- 
tent with the processes and condit ions relevant  to 
the to rmat ion  and  ma in tenance  of hypoxia  on the 
Louisiana shelf  (Rabalais et al. 1991). A highly 
stratified water-column was presen t  dur ing most  of  
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the  pe r i ods  o f  r eco rd .  W i n d - i n d u c e d  m i x i n g  was 
insuf f i c i en t  to r e a e r a t e  the  w a t e r - c o l u m n  p r io r  to 
the  o u t b r e a k  o f  co ld  air  f ron ts  in late S e p t e m b e r  
a n d  ear ly  Oc tobe r ,  at wh ich  t ime  a r e l axa t ion  in 
the  s t ra t i f ica t ion also o c c u r r e d  d u e  to t h e r m a l  
coo l ing .  Lack o f  s t rong  winds  capab le  o f  b r e a k i n g  
down  the  s t ra t i f ica t ion sugges ted  tha t  r eoxyg ena -  
t ion (at C6A in late A u g u s t  and  at WD32E for  m o s t  
o f  the  r e c o r d )  r e su l t ed  f r o m  la tera l  advec t ion .  T h e  
d e p t h  g r a d i e n t  is g r adua l  at C6A so tha t  the  hyp- 
oxic  a rea  is m u c h  b r o a d e r  in a cross-shelf  d i r e c t i o n  
a n d  the  oxygen  m e t e r  was less likely to be  im- 
p i n g e d  by a n o r m o x i c  water  mass d u r i n g  upwell-  
i ng -  o r  d o w n w e l l i n g - f a v o r a b l e  c o n d i t i o n s .  T h e  
s t e epe r  d e p t h  g r a d i e n t  in the  Mississippi River  Del-  
ta Bight  a n d  the  o c c u r r e n c e  o f  mid-wate r  o x y g e n  
m i n i m a  fbr  several  o f  the  m i d - m o n t h  h y d r o g r a p h i c  
surveys i n d i c a t e d  tha t  t he  WD32E oxygen  m e t e r  
was o f t en  n e a r  the  e d g e  o f  a hypox ic  water  mass 
a n d  was pe r iod ica l ly  e x p o s e d  to hypoxia .  
T h e  da ta  analyses p r e s e n t e d  h e r e  f ocused  on  
h igh  f r e q u e n c y  events .  Clearly, the  obv ious  tem- 
pora l  s ignal  on  the  she l f  is the  a n n u a l  r e c u r r e n c e  
o f  e x t e n d e d  p e r i o d s  o f  hypox ia  in m i d - s u m m e r .  
O n  a b r o a d e r  g e o g r a p h i c  scale and  a l o n g e r  t ime  
pe r i od ,  the  ecosys tem r e s p o n s e  o f  the  Lou i s i ana  
c o n t i n e n t a l  she l f  to the  c o m b i n e d  r ive r ine  influ-  
e n c e  o f  the  Mississippi a n d  Atchafa laya  r iver  eff lu-  
en ts  is a p p a r e n t  in usual ly d i s junc t  zones  o f  bot-  
tom-wate r  hypox ia  tha t  m i r r o r  somewha t ,  in a 
d o w n p l u m e  d i r ec t i on ,  the  sur face  salinity f ield a n d  
sur face  p h y t o p l a n k t o n  b iomass  c o n c e n t r a t i o n s  tha t  
resul t  f r o m  the  m a j o r  f r e shwa te r  inpu ts  (Rabalais  
et  al. 1991, 1992). T h e  p e r i o d  d u r i n g  which  the  
two oxygen  m e t e r s  were  d e p l o y e d  d id  n o t  c ap tu r e  
the  f o r m a t i o n  o f  b o t t o m - w a t e r  hypoxia .  O n  a 
b r o a d e r  seasonal  scale, the  oxygen  def ic i t  in the  
b o t t o m  waters  on  the  s o u t h e a s t e r n  she l f  o f f  Te r re -  
b o n n e  Bay is s ignif icant ly  c o r r e l a t e d  with r iver  
flow, imp ly ing  a t ime- lag  o f  2 m o  f r o m  peak  flow 
in Apr i l  (Justi~ e t  al. 1993). F luxes  o f  o r g a n i c  mat-  
te r  r e su l t ing  f r o m  p r i m a r y  p r o d u c t i o n  (which  lags 
peak  r iver  flow by 1 mo)  are  likely to be  h igh  a n d  
suf f ic ien t  to i n d u c e  h y p o x i a  in a h ighly  s t ra t i f ied 
w a t e r - c o l u m n  (Justi~ e t  al. 1993). A s imilar  2-mo 
lag o f  b o t t o m - w a t e r  oxygen  d e p l e t i o n  to Atchafa-  
laya River  f low was f o u n d  fo r  the  s o u t h w e s t e r n  
Lou i s i ana  she l f  (Pokryfki  a n d  Randa l l  1987). 
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